The relationship between C-reactive protein (CRP) levels and plasma antioxidants has been established in adults. However, the association has been rarely investigated in healthy children. Thus, we examined the cross-sectional association of high-sensitivity CRP (hs-CRP) levels with fat-soluble plasma antioxidant concentrations in a cohort of healthy prepubertal children. We determined hs-CRP levels in 543 healthy six-eight-year-old children using a high-sensitivity CRP enzyme-linked immuno sorbent assay (ELISA) kit. The plasma concentrations of lipids, apolipoproteins and lipid-soluble antioxidants (α-tocopherol, γ-tocopherol, lycopene, α-carotene, β-carotene and retinol) were determined using standardized methods. Pearson correlation analysis showed significant correlations between plasma hs-CRP and α-carotene and retinol concentrations. After adjusting by sex, body mass index (BMI) and lipid levels, only the association with retinol remains significant, with children in the highest hs-CRP tertile group (hs-CRP ≥ 0.60 mg/dL) showing significantly lower levels of retinol than those from the tertiles 1 and 2. A stepwise linear regression selected retinol, BMI, apo A-I and sex as predictors of hs-CRP levels, in a model explaining 19.2% of the variability of hs-CRP. In conclusion, in healthy prepubertal children, after adjusting by sex, BMI and lipid levels, hs-CRP concentrations were highly associated with plasma retinol, which is transported in blood bound to retinol-binding protein but were not associated with the lipoprotein-bound antioxidants.
Introduction
C-reactive protein (CRP) is an acute-phase inflammatory protein synthesized in the liver through the stimulation of interleukin-6 that has been extensively studied as a marker of the subclinical inflammation associated with obesity, metabolic syndrome, diabetes and cardiovascular disease [1] .
It is known that oxidative stress has pro-inflammatory effects, and an important role in this association has been attributed to CRP [2] . Plasma antioxidants seem to decline during the "acute-phase response" in the inflammatory process that is associated with the increase of inflammatory markers, such as CRP [3] . However, the association of these biomarkers with reduced antioxidant levels in low-grade inflammation remains under study. A meta-analysis of randomized controlled trials analyzing the effect of vitamin E supplementation suggests that supplementation with either α-tocopherol or γ-tocopherol reduces blood CRP concentrations [4] . Schwab et al. [5] suggested that this association was found only with vitamin E in combination with the intake of other antioxidants. Epidemiological studies to date analyzing the association of dietary antioxidants and serum vitamins with CRP levels in adults have produced diverse evidence. In some studies, CRP concentrations have been related to lower levels of carotenoids, vitamin E and vitamin A levels [6] [7] [8] [9] [10] [11] [12] , while other investigations have failed to find an association of CRP levels with vitamin E [13] or α-tocopherol [8] , for example. Race differences in the relation of vitamins A, E and β-carotene with CRP have been reported [14] .
Studies analyzing the association between CRP and antioxidant levels in children are scarce and it has been mostly investigated in sick children. The association between CRP and vitamin A, for example, has been analyzed in children with an infectious disease [15] , night blindness [16] or obesity [17, 18] . To our knowledge, no cross-sectional studies analyzing the association of CRP with vitamin levels have been performed in healthy children in developed countries.
In our study, we examined the association of hs-CRP levels with plasma antioxidant (α-tocopherol, γ-tocopherol, lycopene, α-carotene, β-carotene and retinol) concentrations in a cohort of healthy prepubertal children in Spain.
Materials and Methods

Subjects
This is a sub-study of the "Four Provinces Study", a broad cross-sectional study designed to analyze cardiovascular risk factors in Spanish schoolchildren. Our sample comprises 543 6-8-year-old children (289 girls and 254 boys). All children included in the study were free of any endocrine, metabolic, hepatic or renal disorder. Parents were required to sign a written consent form allowing their children to participate. The study protocol was approved by the Ethics Committee of Clinical Investigation of the Fundación Jiménez Díaz. The investigation fulfills the principles contained in the Declaration of Helsinki and subsequent reviews, as well as the prevailing Spanish legislation on clinical research in human subjects.
Data Collection
A team consisting of one physician and several nurses was in charge of blood extractions and physical measurements.
Anthropometric Variables
Measurements (weight and height) were taken with children barefoot and wearing light clothing. Weight was determined to the nearest 0.1 kg and height was measured to the nearest 0.1 cm. Body mass index (BMI) (weight in kilograms divided by height in meters squared, kg/m 2 ) was calculated from these parameters.
Biochemical Data
Blood samples were obtained early in the morning after a 12-h fasting period using venipuncture. Samples were kept on ice and sent to the laboratory for analysis. Samples were centrifuged at 1500× g at 4 • C for 20 min. Once centrifuged, fractions were separated and frozen at −70 • C for future analyses.
Cholesterol and triglycerides were measured enzymatically (Menarini) with a RA-1000 Autoanalyzer (Technicon, Luton, UK). High-density lipoprotein (HDL) cholesterol was measured after the precipitation of apo B-containing lipoproteins with phosphotungstic acid and Mg (Boehringer Mannheim, Baden-Wurttemberg, Germany). Low-density lipoprotein (LDL) cholesterol was calculated according to Friedewald´s formula. Plasma apo A-I and apo B concentrations were measured using immunonephelometry (Dade Berhing, Deerfield, IL, USA). The interassay coefficients of variation were: cholesterol, 1.4%; triglyceride, 1.7%; apo A-I, 1.55% and apo B, 4.8%.
Plasma α-tocopherol, γ-tocopherol, lycopene, α-carotene, β-carotene and retinol were measured using isocratic high-performance liquid chromatography-based methods (HPLC) (Beckman System Gold High Performance Liquid Chromatograph, NM, USA) based on the method described by H. Ortega et al. [19] . Retinol acetate and tocopherol acetate were used as internal standards. The standard reference material SRM 968c from the National Institute of Standards and Technology was used as a control. The interassay coefficients of variation were: α-tocopherol, 5.0 %; γ-tocopherol, 12.5%; lycopene, 5.5%; α-carotene, 8.8%; β-carotene, 7.8% and retinol, 4.4%.
CRP levels were measured using a high-sensitivity CRP ELISA kit (SK00080-02, Aviscera Bioscience, Inc., Santa Clara, CA, USA). The sensitivity of the assay was 0.15 mg/L.
Statistical Analysis
Children with hs-CRP levels equal to or above 10 mg/L were excluded from the analysis. The normality of distributions of the variables was analyzed using the Kolmogorov-Smirnov test. Variables that were not normally distributed (hs-CRP, BMI, triglyceride, α-tocopherol, lycopene, α-carotene and β-carotene) were log-transformed to normality prior to the analyses. Mean values are shown as means ± SD. We used a t-test to compare the study variables by sex. Pearson correlation coefficients were calculated to evaluate the correlations between hs-CRP and lipid variables and fat-soluble antioxidants. To ascertain the independent predictors of plasma hs-CRP levels, a stepwise lineal regression analysis was performed. For this, the independent variables were selected among BMI, plasma lipid and apolipoprotein concentrations and fat-soluble antioxidant levels. An analysis of variance (ANOVA) was used to compare the means of the antioxidant levels between groups depending on different hs-CRP levels (hs-CRP tertiles), after adjusting for possible confounding factors (sex, age, BMI, lipid and apolipoprotein levels). Post-hoc multiple comparisons were performed using the Tukey's test. A statistical analysis was performed using the SPSS software package, version 21.0 (SPSS, Inc., Chicago, IL, USA).
Results
The average age of the children in our study was 6.7 years, similar in both genders. Mean BMI and biochemical variables by gender are shown in Table 1 . No statistically significant differences in BMI, plasma lipid and apolipoprotein levels or hs-CRP concentrations between boys and girls were found (Table 1) . Pearson´s correlation coefficients between hs-CRP levels and BMI and plasma antioxidants, and between these vitamins and lipid and apolipoprotein concentrations are shown in Table 2 . There were significant correlations between hs-CRP and BMI, β-carotene and retinol concentrations. As previously described in our population, hs-CRP also correlated negatively with HDL cholesterol and apo A-I, and positively with triglycerides (TG) concentrations [20] . As expected, plasma concentrations of fat-soluble antioxidants were significantly correlated with plasma lipids. α-tocopherol was correlated with all the lipid variables; the highest correlation coefficients being found with total cholesterol and apo B concentrations. γ-tocopherol was correlated with total cholesterol, LDL cholesterol and apo B. Lycopene and carotenes positively correlated with total cholesterol, lipoprotein-cholesterol and apolipoproteins levels, but not with triglyceride. Plasma retinol concentration showed a positive correlation with HDL cholesterol, apo A-I and apo B ( Table 2) . For the analysis, the sample was divided into tertiles of hs-CRP levels. Children in the highest hs-CRP tertile group (hs-CRP ≥ 0.60 mg/dL) presented significantly lower levels of retinol and β-carotene than those from tertiles 1 and 2 ( Figure 1 ). These differences only remain significant when adjusting for BMI and lipid levels for plasma retinol concentrations (0.270 ± 0.063 in tertile 3 versus 0.300 ± 0.065 in tertile 2 and 0.305 ± 0.056 in tertile 1, p < 0.001).
Log-transformed variables, * p < 0.05. hs-CRP: High sensitivity CRP, HDL: High-density lipoprotein; LDL: Low-density lipoprotein.
Pearson´s correlation coefficients between hs-CRP levels and BMI and plasma antioxidants, and between these vitamins and lipid and apolipoprotein concentrations are shown in Table 2 . There were significant correlations between hs-CRP and BMI, β-carotene and retinol concentrations. As previously described in our population, hs-CRP also correlated negatively with HDL cholesterol and apo A-I, and positively with triglycerides (TG) concentrations [20] . As expected, plasma concentrations of fat-soluble antioxidants were significantly correlated with plasma lipids. α-tocopherol was correlated with all the lipid variables; the highest correlation coefficients being found with total cholesterol and apo B concentrations. γ-tocopherol was correlated with total cholesterol, LDL cholesterol and apo B. Lycopene and carotenes positively correlated with total cholesterol, lipoprotein-cholesterol and apolipoproteins levels, but not with triglyceride. Plasma retinol concentration showed a positive correlation with HDL cholesterol, apo A-I and apo B (Table 2) . For the analysis, the sample was divided into tertiles of hs-CRP levels. Children in the highest hs-CRP tertile group (hs-CRP ≥ 0.60 mg/dL) presented significantly lower levels of retinol and β-carotene than those from tertiles 1 and 2 ( Figure 1 ). These differences only remain significant when adjusting for BMI and lipid levels for plasma retinol concentrations (0.270 ± 0.063 in tertile 3 versus 0.300 ± 0.065 in tertile 2 and 0.305 ± 0.056 in tertile 1, p < 0.001). We further analyzed the independent determinants of hs-CRP plasma concentrations using a stepwise linear regression. The selected variables along with the standardized coefficients (β) and the Table 3 . Retinol, BMI, apo A-I and sex were selected as predictors in a model explaining as much as 19.2 % of the variability of hs-CRP. The magnitude of the contribution of both retinol and BMI was higher than the contribution of sex or apo A-I (Table 3) . 
Discussion
This study describes the relationship between the plasma concentration of fat-soluble antioxidants and hs-CRP levels in a healthy cohort of prepubertal children where the effect of sex hormones, alcohol consumption and the smoking habit can be avoided. We have identified a strong association between plasma retinol levels and hs-CRP concentrations in these children, independently of BMI and lipid levels, with our results showing significantly lower plasma retinol levels in children in the highest hs-CRP concentration tertile.
There are few published reports on the analysis of the relationship between plasma fat-soluble antioxidants and hs-CRP concentrations in prepuberal children in developed countries. Studies analyzing this association in children have focused mainly on sick children [15, 16, 21] , and, to our knowledge, this association has not been previously described in healthy children in our area. Thus, our study adds to the literature that has investigated this association mostly in adults, showing a clear association between hs-CRP and plasma retinol levels in healthy children in a Mediterranean country, such as Spain.
In our population, even though β-carotene concentrations also appear to be related to hs-CRP levels, after adjusting by BMI and lipid levels, retinol concentration emerges as the only fat-soluble antioxidant related to hs-CRP levels in our children. Vitamin A deficiency has been associated with CRP levels among preschool children with night blindness [16] and low concentrations of vitamin A has been described in overweight and obese Mexican children [22] but, to our knowledge, no cross-sectional studies have investigated, in healthy Caucasian children, the association of hs-CRP with retinol or any of the other lipid-soluble antioxidants we have analyzed.
Interestingly, we found an association between hs-CRP levels and the plasma concentration of retinol, which is transported in blood bound to retinol-binding protein, not to lipoproteins, and we failed to find any association of hs-CRP levels with the concentrations of any of the lipoprotein-bound fat-soluble antioxidants analyzed. Since retinol concentration is tightly regulated by the retinol-binding protein (RBP) [22] , we hypothesized that RBP could have a role in the association between retinol and CRP levels observed in children. A correlation between RBP4 and CRP levels has been described in obese children [23] . Further studies are needed to clarify this hypothesis.
The complex interrelatedness between CRP and oxidized low-density lipoproteins has been reviewed elsewhere [24] . The lack of an association between hs-CRP levels and the lipoprotein-bound fat-soluble antioxidant concentrations in children, which has been extensively reported in adults [6, 7, 9, 12] , may be due to the fact that the inflammatory status related to LDL oxidation is evident in adults but not in children. Thus, lipoprotein-bound antioxidants may play a role regarding LDL oxidation susceptibility in adults but not in children. The association between vitamin A and lower CRP levels has also been reported in the study by Garcia et al. [22] analyzing Mexican school-aged children. Similar to our findings for β-carotene, in this study the association between CRP levels and vitamin E disappears when considering the vitamin E/lipids ratio [22] . Further studies are required to clarify these aspects.
In our population, we have previously described a significant association between a greater fruit and vegetable intake and lower hs-CRP levels [25] , which we linked to the high fiber and antioxidant contents related to this vegetable and fruit intake. In addition to the consistent association between hs-CRP concentrations and fiber intake [10, 26] , the contribution of vitamin intake associated with vegetable and fruit consumption has also been accepted. A relationship between plasma hs-CRP concentration and vitamin A and vitamin E intake has been reported in our children [25] . Here, we confirmed the association between hs-CRP and retinol plasma concentrations but failed to demonstrate its association with α-tocopherol or γ-tocopherol.
As previously described in our children, we did not find any statistically significant correlation between plasma fat-soluble antioxidants and the major nutrients or vitamins consumed [20] . As regards retinol, other studies fail to find any association between dietary intake and plasma concentration in well-nourished populations [27] . Regarding the influence of diet on serum tocopherol, studies in adult populations have provided conflicting results. Some authors have reported a small association of dietary intake of vitamin E with serum tocopherol concentration [28] , while others found no significant association [27, 29, 30] .
Conclusions
Our study in six-eight-year-old children reports an important association between hs-CRP concentrations and plasma retinol which is transported in blood bound to retinol-binding protein, and fails to find any association between hs-CRP levels and the lipoprotein-bound fat-soluble antioxidants. These findings suggest an important role of retinol in preventing inflammation in early age stages. 
